INTRODUCTION
Reduced organic carbon is the primary energy source for biological activity in many environments. However, in environments with limited organic carbon and light, alternative energy sources, such as Fe(II), must be available in order for life to persist. Since accumulation of abundant molecular oxygen (O 2 ) in Earth's atmosphere during the Proterozoic, Fe(II) has nearly disappeared from continental and marine surfi cial systems (Walther, 2009 ). Thus, Fe(II)-rich water at near-neutral pH is restricted to low concentrations in most environments, with exceptions in highly reduced saturated soils, water, and subsurface sediments (Weber et al., 2006) . These Fe(II)-bearing environments have been shown to support microbial life (Weber et al., 2006) . Siderite or ankerite, common minerals in nonmarine sediments (Berner, 1981) , could provide Fe(II) as an energy source for microbial metabolism as well as supply a source of inorganic carbon for fi xation into organic carbon via autotrophic metabolisms. In the presence of O 2 , dissolution of siderite is promoted by the production of acid resulting from Fe(II) oxidation and precipitation of Fe(III) oxides (Duckworth and Martin, 2004) . These reactions can occur abiotically, but are mediated by O 2 concentrations. At low O 2 concentrations, Fe(II)-oxidizing microorganisms can successfully outcompete abiotic mechanisms for available Fe(II) (Druschel et al., 2008; Neubauer et al., 2002) and catalyze Fe(II) oxidation. Metabolic activity also establishes and maintains a favorable geochemical environment in an oxic system (low dissolved O 2 , 15-50 μM, 0.45-1.5 mg/L) (Druschel et al., 2008; Emerson and Moyer, 1997; Sobolev and Roden, 2001) . Microorganisms can establish a geochemical gradient at the interface between oxidizing groundwater and Fe(II) carbonate minerals inhabiting environments with low dissolved O 2 concentrations. Thus, Fe(II) carbonate present in a saturated environment would provide necessary conditions for microaerophilic Fe(II)-oxidizing bacteria to persist and thrive.
Siderite identifi ed on Fe(III) oxide-rich planets such as Earth and Mars (Michalski and Niles, 2010; Morris et al., 2010) is an alternative energy source for microbial life (Weber et al., 2006) . Subsequent Fe(II) oxidation would result in the formation of Fe(III) oxide-rich formations including Fe(III) oxide cements. Fe(III) oxide cements in nonmarine sandstones occur as a variety of bands and concretions including spheroids, joint-associated boxes, and pipes (Loope et al., 2011) . While these concretions are widespread, mechanisms underpinning the formation of an Fe-rich exterior and Fe-depleted core are poorly understood. Recently, rinded Fe(III) oxide concretions in the Navajo Sandstone (southwest United States) have received great interest (Chan et al., 2004; Loope et al., 2010; Parry, 2011; Potter et al., 2011) , not least due to their potential use as analogues for Fe(III) oxide-rich concretions observed on Mars (Chan et al., 2004; Potter et al., 2011) .
These Fe(III) oxide-rich concretions formed in the Jurassic Navajo Sandstone subsequent to incision by the Colorado River (Loope et al., 2010) . Most previous studies have interpreted spheroidal iron oxide concretions to be abiotic oxidation products of dissolved Fe(II) mixing with oxic fl uids resulting in spheroid formation without a structural precursor (Chan et al., 2004; Potter et al., 2011; Souza-Egipsy et al., 2006 ). An alternative to this mixing model uses Fe(II) carbonate, including siderite, as the initial Fe(II) source and structural precursor of rinded spheroids (Loope et al., 2010) . This structural precursor is consistent with prior descriptions of iron and carbonate concretion formation (Curtis and Coleman, 1986) , rather than published descriptions as products of mixing of reduced and oxidizing fl uids (Beitler et al., 2005; Chan et al., 2004) . Evidence of the carbonate precursor is provided by the presence of rhombic Fe(III) oxide pseudomorphs after siderite (Loope et al., 2011) . The Fe-rich spheroidal concretions are composed of an amorphous Fe(III) oxide, goethite, and hematite (Potter et al., 2011 ) that surround the iron-poor sand interior. It has been hypothesized that microorganisms played a role in formation of rinded Fe(III) oxide concretions (Souza-Egipsy et al., 2006; Loope et al., 2010) , but evidence of past microbial life has eluded other investigators (Souza-Egipsy et al., 2006) . We initiated an investigation to identify microbial biosignatures as a fi rst test of our hypothesis that bacteria were present in spheroidal concretions during Fe mineralization.
RESULTS AND DISCUSSION
Intact spheroidal Fe(III) oxide concretions of varying sizes <5 cm ( ) were collected from outcrops of light-colored Navajo Sandstone at the southern margin of Spencer Flat in south-central Utah (Fig. DR2) . Fe(III) oxides in the rind were separated from the interior prior to carbon and nitrogen analysis. Carbon and nitrogen concentrations in the Fe(III) oxide-rich rind (C, 0.06% ± 0.003%; N, 0.006% ± 0.0002%) were greater than those measured in the interior of concretions (C, 0.009% ± 0.0001%; N, 0.003% ± 0.0005%). These data are consistent with biogenic compounds in the rind. The mean δ 13 C content, organic carbon and carbonate, of triplicate Fe(III) oxide-rich rind samples revealed a value of −7.05‰ ± 0.75‰ (Table DR1 in the Data Repository). This value suggests that carbon had an abiotic origin. However, removal of carbonates from the Fe(III) oxide-rich samples (in situ acidifi cation with 6N HCl; Larson et al., 2008 ) revealed a δ 13 C value for organic carbon of −20.55‰ ± 2.69‰ (Table DR1) , consistent with δ 13 C depletion biosignatures for bacteria using the Calvin cycle for CO 2 fi xation (Zerkle et al., 2005) and recently reported values for neutrophilic Fe(II)-oxidizing bacteria, including Gallionella ferruginea (Kennedy et al., 2010) . Gallionella ferruginea is a common Fe(II)-oxidizing microorganism capable of autotrophic growth (fi xing CO 2 into organic carbon) (Hallbeck and Pedersen, 1991) and is frequently identifi ed at redox interfaces where Fe(II) meets an oxic environment (Hallbeck and Pedersen, 2005) .
Biosignatures link microorganisms to iron mineralization in a paleoaquifer
In an effort to identify and verify the presence of microorganisms preserved in Fe(III) oxide concretions, we examined intergranular pore spaces along inner margins of Fe(III) oxide rinds of small (<1 cm) concretions using fi eld emission scanning electron microscopy (FE-SEM) (Fig. 1A) . Microscopic analyses revealed morphological microstructures consistent with microorganisms (width 0.25-4 μm, varying length >1.5 μm). A diversity of morphotypes were observed, including bacilluslike (0.6 μm × 3 μm; Fig. 1B ), fi lamentous (0.2 μm × <3.5 μm; Fig. 1C) , and twisted-stalk (<0.4 μm × >60 μm; Fig. 1D ). Although bacteria cannot generally be taxonomically identifi ed solely based on morphology and size, twistedstalk morphology (Fig. 1D ) is unique to certain Fe(II)-oxidizing bacteria, Gallionella sp. (Chan et al., 2009; Ferris et al., 1999; Hallberg and Ferris, 2004) and Marinobacter sp. (Chan et al., 2011) . The most abundant morphotype observed throughout the concretions was the bacillus-like structures protruding from the surfaces of sand grains (Fig. 1B) . The abundance and close association of these microorganisms resembles a biofi lm. The bacillus-like morphotypes were further analyzed by energy-dispersive X-ray spectroscopy (EDS). The structures were largely composed of carbon, oxygen, and iron (Fig. DR3) . Carbon was localized to the bacillus-like structures (Fig. DR3) .
Nanoscale geochemical analysis using NanoSIMS further showed an intimate association of bacterial morphotypes with carbon, oxygen, nitrogen, and iron (measured as 
/C
− ratios associated with resin were 0.53 ± 0.3 (n = 40). In contrast, mean CN − /C − ratios associated with areas of iron oxide were 2.10 ± 0.3 (n = 30), a clear increase from those found in resin. This result was consistent across numerous areas in the iron oxide rind. Hence, it was possible to threshold the NanoSIMS images (Fig. 2) to remove the background signal and highlight biological material associated with iron oxides. Structures similar to microbial fossils imaged by SEM were also observed in NanoSIMS images (Fig. 2, white circles) . They were particularly common at edges of Fe(III) oxide-rich areas. Here bacillus-like microorganisms were identifi ed, consistent with the most common microbial morphology observed by SEM. These structures show elevated CN − /C − ratios together with FeO − , further demonstrating a relationship between microbial morphology, Fe(III) oxide minerals, and nitrogen-rich organic material (Fig. 2) . Together these data demonstrated morphologies consistent with bacteria, including a known Fe(II)-oxidizing microorganism, and Fe associated with fossil structures, thus indicating that bacteria were present during iron mineralization in the paleoaquifer.
A conceptual biogeochemical/geomicrobiological model detailing the role of microorganisms catalyzing the oxidative dissolution of Fe(II) carbonate and the biomineralization of iron to form Fe(III) oxide concretions with a bleached interior (Fig. 3) was constructed based on new data together with previously published data (Loope et al., 2010 (Loope et al., , 2011 . The available energy (Fe(II)) and carbon (carbonate) present in the precursor plus pore fl uids containing dissolved O 2 (electron acceptor) could have supported an iron-oxidizing microbial community. When siderite concretions were exposed to oxidizing groundwater (Loope et al., 2010) , a redox interface developed between oxic groundwater and Fe(II) carbonate. These conditions created an environment for neutrophilic Fe(II)-oxidizing microorganisms to proliferate, fi xing CO 2 into organic carbon, thereby fractionating carbon. Acid generated as a result of both biotic and abiotic Fe(II) oxidation / Fe(III) oxide precipitation in the oxic environment facilitated dissolution of Fe(II) carbonate cement (Fig. 3) . Circumneutral pH was maintained by carbonate equilibrium allowing aqueous Fe(II) to diffuse from the interior toward the exterior and generated an Fe(II) and O 2 redox interface (Fig. 3) . Iron biomineralization occurred at the redox interface. This self-promoting process continued until Fe(II) carbonates were completely dissolved or conditions precluded microbial metabolism (Fig. 3) . The formation of hydrous ferric iron oxide minerals such as ferrihydrite, lepidocrocite, and goethite (Potter et al., 2011) is consistent with previously published data describing microbial Fe(III) oxide formation (Chan et al., 2009 (Chan et al., , 2011 and preservation of metastable phases such as ferrihydrite (Kennedy et al., 2004) . Oxidative, microbially catalyzed dissolution of precursor siderite concretions thus offers an alternative hypothesis for the origin of rinded Fe(III) oxide-cemented structures originating in nonmarine sandstones.
Here we presented the fi rst example of Fecoated microbial fossils in spheroidal Fe(III) oxide-rich concretions with an Fe-poor core. The direct association of Fe(III) oxides with microbial fossils implicates microorganisms in Fe(III) oxide biomineralization during the oxidative dissolution of Fe(II) carbonate. This process is not limited to spheroidal concretions; we have identifi ed various structures within the Navajo Sandstone, such as pipe-like concretions and joint-associated boxworks (Loope et al., 2011 (Loope et al., , 2012 , that similarly display an Fe(III) oxide-rich rind with an Fe-poor core. This process is likely operative in modern saturated environments including aquifers on Earth as well as on Fe-rich rocky planets bearing siderite such as Mars (Michalski and Niles, 2010) . Iron oxide concretions with an Fe(III) oxide-rich exterior and an iron-poor core therefore offer a macroscopic target in the search for life on Earth as well as Mars.
